The objective of this study was to evaluate accident-tolerant fuel (ATF) concepts being considered for CANDU reactors. Several concepts, including uranium dioxide/silicon carbide (UO 2 -SiC) composite fuel, dense fuels, microencapsulated fuels, and ATF cladding, were modelled in Serpent 2 to obtain reactor physics parameters, including important feedback parameters such as coolant void reactivity and fuel temperature coefficient. In addition, fuel heat transfer was modelled, and a simple accident model was tested on several ATF cases to compare with UO 2 . Overall, several concepts would require enrichment of uranium to avoid significant burnup penalties, particularly uranium-molybdenum (U-Mo) and fully ceramic microencapsulated (FCM) fuels. In addition, none of the fuel types have a significant advantage over UO 2 in terms of overall accident response or coping time, though U-9Mo fuel melts significantly sooner due to its low melting point. Instead, the different ATF concepts appear to have more modest advantages, such as reduced fission product release upon cladding failure, or reduced hydrogen generation, though a proper risk assessment would be required to determine the magnitude of these advantages to weigh against economic disadvantages. The use of uranium nitride (UN) enriched in 15 N would increase exit burnup for natural uranium, providing a possible economic advantage depending on fuel manufacturing costs.
Introduction
While there are many studies evaluating the performance of accident-tolerant fuels (ATF) in light water reactors (LWRs), there are comparatively few studies which look at the use of ATF in CANDU reactors. ATF has the potential to reduce the consequences of a severe accident and/or give the operators more time to mitigate the consequences of a severe accident. However, as there are significant differences between LWRs and CANDU reactors in terms of reactor and fuel design, ATF should be evaluated specifically for CANDU reactors in order to determine their viability for future use in CANDU reactors.
This study in particular focused primarily on reactor physics, using Serpent 2 to evaluate the CANDU fuel lattice behaviour for different ATF loadings. While thermal hydraulics were not specifically modelled for this study, heat transfer from the fuel is a key consideration for accidenttolerant fuel and has a significant effect on the reactor physics; thus simple heat transfer models were constructed in order to calculate fuel temperatures for each case. The accidenttolerant fuel cases include the following: (i) Uranium dioxide/silicon carbide (UO 2 -SiC) composite fuel
(ii) High-density fuels: uranium nitride (UN), uranium silicide (U 3 Si 2 ) (as an additive to UN), and uraniummolybdenum alloy fuel (U-9Mo) (iii) Fully ceramic microencapsulated (FCM) fuels (iv) Accident-tolerant cladding materials.
Literature Review
Most power reactors rely on fuel consisting of uranium dioxide pellets surrounded by a zircaloy sheath. UO 2 is preferred over uranium metal due to greater stability and a high melting point (roughly 2850 ∘ C) but has a disadvantage of a poor thermal conductivity, particularly at higher temperatures and irradiation levels [1] . This leads to large temperature gradients and thermal stresses. The fuel pellets retain most of the fission products, while the cladding acts as a second barrier [2] to contain fission products that escape from the pellets. Zirconium alloys are preferred for the cladding due to a low thermal neutron capture cross-section. However, under degraded-cooling conditions, cladding temperatures can become high enough to initiate a zirconium-steam oxidation reaction which may produce significant amounts of hydrogen gas. Accident progression in CANDU reactors differs from that in LWRs. In the case of a loss-of-coolant accident (LOCA) or station blackout (SBO) where cooling is degraded, heat removal may still occur via radiation to the pressure tube. As the pressure tube heats up, it will balloon or sag, depending on system pressure, until it touches the calandria tube, in which case heat can be conducted to the moderator. The large volume of water in the moderator can then sustain a heat sink for a prolonged period, providing operators with a significant window to implement emergency procedures [3] . A significant radionuclide release to containment would only occur if moderator cooling is unavailable and the moderator is lost as a heat sink.
Studies of accident-tolerant fuels have increased since the Fukushima disaster, where a SBO scenario led to fuel cladding oxidation, fuel melting, hydrogen explosions, and the release of radiation into the environment [4] . Accidenttolerant fuel can be used to reduce the potential consequences of an accident by limiting the release of fission products, reducing fuel and sheath temperatures, limiting hydrogen production, improving heat transfer, and/or mitigating the event entirely [5] .
The simplest proposal for accident-tolerant fuel is to mix up to 10% silicon carbide by volume into UO 2 , forming composite pellets through spark plasma sintering [6] . The high thermal conductivity of silicon carbide improves the thermal conductivity of the mixture significantly, without significantly impacting neutron economy. A 10% SiC addition can improve thermal conductivity by 62% and reduce centreline temperatures by 20% [6] , improving fission product retention within fuel pellets. Studies have also shown that diamond could also be used in a similar manner [7] . Beryllium oxide could also be mixed with UO 2 [8] , though its use is complicated by the toxicity of beryllium.
Uranium nitride has been proposed as an accidenttolerant fuel due to a much greater thermal conductivity and greater uranium density compared to UO 2 , while still having a high melting point. Typical impurity levels can be kept well below 1% [9] , and, at reactor operating temperatures, the thermal conductivity of UN can exceed that of UO 2 by a factor of 5 or more [1, 10] . However, 14 N has very poor neutron economy, so in CANDU it requires either significant enrichment of the uranium to compensate, or enrichment of the nitrogen to 15 N. Also, uranium nitride can react with water [11] , which is potentially an issue for accidents where sheath integrity is lost.
Uranium silicide (U 3 Si 2 ) has been proposed as a compromise between UO 2 and UN, with uranium density and thermal conductivity between the two, along with a neutron economy similar to UO 2 and less reactivity with water compared to UN, though with a lower melting point than either. Uranium silicide can also be mixed into uranium nitride to combine their properties. The uranium silicide would protect the uranium nitride from exposure, while still providing a better thermal conductivity than UO 2 [11] . The compound U 3 Si 2 is used as it provides a higher uranium density than USi 2 and USi, while U 3 Si dissociates at 900 ∘ C, making U 3 Si 2 the ideal choice for power reactor applications [12] .
Another proposal is for uranium-molybdenum alloys, with a high uranium density, good thermal conductivity, and a fair neutron economy, though with a rather low melting temperature. With a melting point of only around 1400 K [13] , this presents potential issues for use in CANDU, as the progression of some accidents predict temperatures well in excess of this melting point [14] . Uranium metal possesses both an -phase and a -phase. The -phase has superior properties but can only exist well above room temperature. The addition of molybdenum makes the -phase metastable at room temperature [13] . Even then, the material can still corrode if exposed to water, so an additional corrosion barrier such as aluminum, chromium, or niobium can be diffused into the metallic pellets [15] . Overall, the thermal conductivity is much greater than that of UO 2 and even greater than UN at elevated temperatures [16] .
One final option for the fuel pellets is to manufacture fully ceramic microencapsulated (FCM) fuel. In this fuel, uranium dioxide or uranium nitride is embedded within tristructuralisotropic (TRISO) particles, which use several layers, including a silicon carbide layer, to contain fission products [10] . In addition, the TRISO particles are embedded within a silicon carbide matrix, acting as an additional fission product barrier. The high thermal conductivity of silicon carbide results in low fuel temperatures. However, since much of the fuel volume is inert, higher enrichments are generally required to compensate. One compromise is to embed bare spheres of fuel within the matrix, rather than TRISO particles, allowing for more fissile material to be packed into the fuel elements, while still providing low temperatures and better fission product retention than UO 2 . Fuel kernels can be UO 2 or UN, with UN generally preferred for its greater uranium density. In the case of using FCM fuel in LWRs, an enrichment of up to 19.9% may be needed to maintain current cycle lengths [10, 15] . One option which may be permitted by the improved thermal conductivity is a change in the assembly pitch, where the 16 × 16 assembly is replaced by a 12 × 12 assembly with larger pins, allowing for an increased fuel volume and reducing the enrichment to roughly 15% [10] . Changing the particles to bistructural-isotropic (BISO) particles [15] , or even bare kernels in a SiC matrix, could allow for more uranium to be packed into the fuel and reduce the required enrichment.
The thermal conductivity of SiC is particularly susceptible to irradiation-induced degradation [15] . As a result, fuel temperatures could increase significantly as SiC-containing fuel is irradiated. However, the thermal conductivity will still be significantly better than that of UO 2 , especially at elevated temperatures where the thermal conductivity saturates at a higher value [17] .
In terms of cladding, modifications fall under three categories: metallic cladding, ceramic cladding (SiC), and multilayer claddings or surface coatings. Replacing the zircaloy cladding with another alloy such as stainless steel or iron-chromium-aluminum alloy (FeCrAl) [18] can improve oxidation resistance during an accident. However, steels tend to weaken and melt at lower temperatures compared to zirconium-based alloys [15] , so molybdenum-based alloys have also been proposed as an alternative that can withstand high temperatures [19] . However, these metals capture more neutrons compared to zirconium and thus reduce the fuel's neutron economy significantly. It would not be practical to use these claddings as a full layer due to the impact on neutron economy, especially in the CANDU system which depends on a high neutron economy. However, as steels are generally stronger than zirconium alloys, the cladding could potentially be made thinner [20] , potentially making up for the neutron economy penalty by increasing the volume of uranium.
The zircaloy cladding can also be replaced by a SiCbased cladding. Unlike metals, SiC is virtually transparent to neutrons and also has a significantly higher melting point than stainless steels. However, silicon carbide is relatively brittle compared to metals, increasing the risk of failure due to thermal and mechanical stresses. Some proposals have been made to mitigate this issue, such as producing SiC fibres rather than monolithic SiC and embedding the fibres to form a composite, though this has the disadvantage of being permeable to fission products [21] ; thus a combination of monolithic and composite SiC would be needed for fission product retention. Overall, the implementation of SiC cladding is complicated by a lack of familiarity in its potential use as nuclear fuel cladding, compared with metallic cladding which would behave mechanically similarly to zircaloy [20, 22] .
The final option is simply coating the zircaloy with an oxidation-resistant material, either metallic or ceramic. This provides the oxidation resistance of the surface material while retaining the mechanical properties of the zircaloy and greatly reducing the impact on neutron economy as less neutron-absorbing material is used. The burnup penalty is minimal when compared to monolithic FeCrAl [22] . Some disadvantages in this approach include stresses from differential thermal expansion and possible diffusion between the two metal layers to create an intermetallic layer [20] , which the monolithic layer would avoid. This study includes a case where a FeCrAl surface layer is added over zircaloy to protect it without a large penalty to neutron economy. For a pressurized water reactor (PWR), if the FeCrAl clad thickness can be reduced to 300 m, an increase in enrichment can be avoided without impacting the cycle length, due to increased uranium loading from the use of larger fuel pellets [23] . Meanwhile, SiC cladding has a better neutron economy than zircaloy, but if the cladding must be made significantly thicker, the reduced fuel volume may lead to higher enrichment requirements [23] . Overall, the use of steel cladding is expected to increase fuel costs [23] .
The following properties for accident-tolerant fuel materials have been identified in Tables 1 and 2 and in Figure 1 . 
Methodology
The fuels evaluated in this study were as follows: (vii) FCM with UN TRISO particles in SiC (viii) Silicon carbide cladding (ix) Two-layer cladding using zircaloy with a 20% thickness FeCrAl layer. The cladding consists of a zircaloy layer of 80% of the nominal CANDU cladding thickness, with the FeCrAl coating thickness of 20% of the nominal CANDU cladding thickness, so that the total thickness is the same as for the standard zircaloy cladding.
The full case list is shown in Table 3 . Several different exit burnups were evaluated. Nearly all cases were evaluated for an exit burnup of 200 MWh/kgU. As the calculations were for a lattice and not a full core, an average excess reactivity was calculated for natural UO 2 and the exit burnup for all other cases calculated based on this excess reactivity. Some cases were also computed at a higher exit burnup of 600 MWh/kgU. However, for an exit burnup of 200 MWh/kgU, the average residence time of the fuel is proportional to the fuel's uranium density. This is of particular concern for FCM fuel, which has a very low uranium density. As 200 MWh/kgU is equivalent to 4044 MWh/bundle for UO 2 fuel as modelled in this study, cases for FCM fuel with an exit burnup of 4044 MWh/bundle were added.
For this study, the Serpent 2 code [26] was used to model an infinite 2D lattice of CANDU bundles in fuel channels, with fuel, channel, and lattice properties shown in Table 4 . For FCM fuel, the model was extruded to one bundle length and the volume inside the fuel pins randomly filled with fuel particles, the methodology for which is built into Serpent 2. FlexPDE [27] was used to calculate fuel temperatures in one dimension, using the fission power distribution from Serpent along with temperature-dependent thermal conductivity values for each material. Fuel-clad contact resistance along with convection into the coolant was modelled as constant boundary conditions.
The research steps are shown in Figure 2 .
Determination of Enrichment.
To calculate the enrichment required for each case, the excess reactivity of each case is defined as follows: The integral was computed for each burnup case using the trapezoid method. An excess reactivity of roughly 35 mk was calculated for the base UO 2 case. Therefore, the enrichments of other cases were varied until they came within 1-2 mk of the same 35 mk excess reactivity, which accounts for leakage and reactivity devices.
The following equation was used to compute the concentration of 234 U with respect to enrichment [28] :
The ENDF/B-VII.0 libraries provided with Serpent were used, and Doppler Broadening Rejection Correction (DBRC) [29] was enabled for 238 U for energies from 0.4 eV to 210 eV. Enabling DBRC adjusts the scattering angle calculation to account for thermal motion of nuclei, which has the most significant impact near resonances. When DBRC is enabled for the depletion calculation and/or the fuel temperature coefficient (FTC) calculation, the eff results are affected to some extent, as shown in Figure 3 . Enabling DBRC for depletion calculations has a noticeable effect on ∞ . Enabling DBRC for reactivity calculations has a substantial effect on ∞ , particularly at higher fuel temperatures. FTC predictions by Serpent using DBRC are therefore slightly more negative than predictions by other codes that do not implement DBRC or other corrections. The difference is on the order of 0.1 pcm/K in the temperature range of interest, which is significant enough to warrant the use of DBRC for neutron transport for CANDU.
For burnup calculations, the fuel was split into four depletion regions, with one for each ring of pins. The burnup parameters shown in Tables 5 and 6 were used. The predictor-corrector method was enabled with linear interpolation and linear extrapolation to reduce the error in the computation of the irradiated nuclide densities. Unresolved resonance probability sampling was turned off (the default in Serpent) as its effect on thermal systems is relatively small. A bundle power of 700 kW was used for the burnup calculation. In all cases, the fuel temperature was assumed to be constant throughout the fuel cycle.
In addition, supplemental Serpent 2 runs were performed to obtain the exit burnup for each material as a function of enrichment. This allows the required enrichment for a specific burnup to be interpolated even for the cases which were not fully analyzed and allows for a better comparison of the different fuels in terms of enrichment.
Determination of Reactor Physics Parameters.
For each case, the coolant void reactivity (CVR) and fuel temperature coefficient (FTC) were calculated for fresh fuel and for a burnup of 4 MWd/kg(U) or 96 MWh/kg(U). For the cases where the exit burnup exceeded 200 MWh/kg(U), an additional step closest to midburnup was selected from which to compute the CVR and FTC. For the CVR, the reactivity difference between the reference branch and coolant-voided branch was computed. The number of histories used was chosen to get sufficiently precise results. For the FTC, the fuel temperature was perturbed by 100 K in each direction. A greater number of neutron histories were used to improve the precision of the results.
Determination of Fuel Temperature.
To calculate the flux distribution for the temperature calculation, each pin was binned into bins equally spaced by radius, with five bins for non-FCM fuel and 20 bins for FCM fuel. For non-FCM fuel, the following equation is fit to the flux distribution given by Serpent 2 along with the total power of 700 kW for the bundle, with 0 and being variable:
The quantity is adjusted such that the weighted sum of square errors is minimized, while 0 is directly related to due to the total bundle power being fixed. For FCM fuel, the power distribution is modelled directly as a piecewise function in FlexPDE. To determine the average pin temperature, the power for each bin is averaged amongst all 37 pins to get the power distribution. For the maximum pin temperature, the following multiplication is performed, where pin is the average pin power for the entire bundle and outer is the average pin power for the outermost ring of pins, which are the hottest:
Thermal conductivities and relations for mixtures were looked up in literature [30] , ignoring the effects of irradiation on thermal conductivity due to incomplete data. A coolant temperature of 560.66 K was used, and the heat transfer coefficient was fixed at 45000 W/(m 2 K). The contact conductance between fuel and cladding was fixed at 80000 W/(m 2 K). For the TRISO fuel, the properties shown in Table 7 were used.
Accident Transient Analysis.
The final stage of the assessment involved modelling a simplified large break LOCA with loss of ECC. This can be considered to be the most serious credible loss of heat sink accident for CANDU, as the heat sink is lost almost immediately and the net-energy deposited in the first few seconds is significant. The model employed here is simplified as the thermal hydraulic circuit was not explicitly modelled in this study, but instead the thermal hydraulic data was modelled using information and data on large break LOCAs obtained from literature [31] [32] [33] , and thus the thermal hydraulic behaviour was the same for all cases. The goal, rather, was to look at the effect on neutronics, using CVR and FTC as reactivity feedback in a point kinetics model, from which other neutronic parameters were calculated in Serpent 2, along with looking at the effect on the temperature of the fuel, to determine the relative potential for fuel damage.
In summary, the thermal hydraulics involved a blowdown period where some cooling is sustained. After the initial power transient, the reactor would trip so that fission power would drop to near zero; thus the fuel would initially cool under these blowdown conditions. After the blowdown period the coolant would stagnate and the convection of heat to the coolant would drop to nearly zero, so the fuel would heat up due to decay heat. Radiation of heat between the rings of pins and the pressure tube was modelled during this phase, with the pressure tube deformation to the calandria assumed to occur at 1200 K.
The reactivity feedback due to coolant voiding, based on a two-loop, two-pass CANDU design, was
The core reactivity with all feedback was modelled by
For each case, the transient was modelled in two steps. The first step only included the "average" pin and modelled the point kinetics with one delayed group. The second step modelled the pins of the four rings along with the pressure tube, using the fission power history calculated in the first step.
The progression of the loss of coolant in the model is given in Figure 4 . 
Results

Determination of Enrichment.
Certain ATF selections required a greater enrichment than other cases. As silicon carbide captures very few neutrons; the UO 2 -SiC composite fuels only require minimal enrichment to provide the same exit burnup. U-9Mo requires slight enrichment (0.93%) due to the neutrons captured by molybdenum isotopes. For uranium nitride, if natural nitrogen were used, a significant enrichment of the uranium would be required. However, by enriching the nitrogen instead, natural uranium can be used and the exit burnup exceeds the 200 MWh/kg(U) for UO 2 bundles. As the uranium density is greater for the UN bundles, the 4044 MWh/bundle of UO 2 bundles is exceeded by UN bundles by enriching only the nitrogen. For FCM fuel, the enrichment requirements are increased due to the replacement of fissile material with inert material. However, this effect becomes stronger when the exit burnup is increased to compensate for the low uranium density of the fuel. Reducing the packing fraction increases enrichment requirements further due to reduction of the uranium density. As UN kernels contain more uranium than UO 2 kernels, the enrichment requirements are less for UN kernels than UO 2 kernels. The TRISO fuel has the lowest uranium mass and therefore requires the highest enrichment to achieve a similar bundle lifetime. Table 8 and Figure 5 lists the required enrichments to achieve certain exit burnup targets. In the uranium nitride cases, the exit burnup for natural uranium exceeds that of natural UO 2 , so the exit burnup values calculated for each case are listed. The relationship between enrichment and packing fraction for FCM-type fuel is listed in Figure 6 .
Determination of Fuel
Temperature. In all cases, the fuel temperatures calculated for the ATF fuel pins are less than those for the UO 2 fuel pins, as shown in Figure 7 and Table 10 . The most modest results are obtained for the UO 2 -SiC composite cases. However, even with only 10% SiC added, the maximum centre-line temperature decreases from 2070 K to 1464 K, or by roughly 30%. When irradiation is accounted for in the thermal conductivity calculations, a midburnup bundle has a maximum centre-line temperature of 2306 K for UO 2 and 1881 K for UO 2 -10% SiC, which is approximately a 20% temperature reduction, as shown in Table 9 . For all the other ATF pellet materials, the maximum centre-line temperature is below 1000 K, and it is around 800 K for U-9Mo and some of the FCM fuel cases. However, it would be expected for the maximum temperatures in the FCM fuel cases to go up by 200-300 degrees when irradiated due to degradation of the thermal conductivity of SiC. However, in all cases, the maximum temperature would be expected to be well below that of UO 2 . While the reduction in centerline temperature may provide some benefit for certain design basis accidents, such reductions would not provide significant improvement in coping times under severe accident transients since fuel heat-up would occur relatively quickly after the loss of heat sink.
Determination of Reactor Physics Parameters.
Overall, there are moderate differences between the different cases in terms of coolant void reactivity and fuel temperature coefficient, as seen in Figure 8 . In general, for the cases studied, the greater the uranium density, the greater the coolant void reactivity. The dense fuels have a greater CVR than UO 2 , while fuels containing significant amounts of SiC have a smaller CVR. More detailed information is given in Table 11 .
Accident Transient Analysis.
The results of the stylized transient were found to be similar irrespective of ATF design. As a result of the positive coolant void reactivity for CANDU, power increases fairly rapidly until the transient is turned over by negative reactivity inserted by the reactor's shutdown systems [34] . The rate at which power increases, shown in Figure 9 , is influenced by the coolant void reactivity and by the prompt generation time. For CANDU reactors, the prompt generation time is on the order of 10 −3 seconds, which is significantly longer than for LWRs, due to the larger fuel spacing and reduced enrichment. When comparing the different fuels, the prompt generation time is shorter for UN and U-9Mo due to the increased enrichment, increased uranium density, and additional absorbing material, while for FCM fuel the reduced uranium density increases the prompt generation time. This is reflected by the transient results. UN and U-9Mo fuel has a larger power spike due to the higher CVR and shorter prompt generation time, while FCM fuel has a smaller power spike due to the lower CVR and longer prompt generation time. However, in all cases, the energy deposition is found not to result in any substantial fuel temperature rise.
The postblowdown heat-up phase is governed primarily by the heat capacity of the fuel and cladding material, distribution of decay power, and thermal radiation between the fuel rings and pressure tube. Initially, the outer ring is at the highest temperature due to a higher decay power, particularly for more strongly absorbing fuel where the spatial selfshielding effect is stronger. However, at higher temperatures, this becomes inverted, with the centre pin being hottest, as the other three rings insulate one another and the centre pin. In all cases, however, the peak temperature is in a narrow range between 1800 K and 2000 K. Therefore, in terms of fuel temperature behaviour, the choice of fuel material does not have a substantial effect on the progression of an accident. However, since U-9Mo has a melting point of only around 1400 K, fuel melting will occur for this fuel material before the pressure tube can sag and the moderator can be established as a heat sink. Therefore, in terms of progression of a LOCA-LOECC accident, or similar degraded-cooling scenarios such as a SBO, ATF options do not provide a substantial advantage over UO 2 in delaying severe consequences, as the progression of these accidents is governed by large nonfuel heat sinks, such as the moderator and shield tank water. The U-9Mo case in particular is inferior due to the fuel melting which occurs much sooner than for UO 2 .
Two of the cases tested are shown in Figure 10 .
Discussion
The most modest change from standard UO 2 fuel in zircaloy cladding is to create a UO 2 -SiC composite fuel. Overall, the addition of SiC adds negligible parasitic absorption, but the displacement of UO 2 must be compensated by a very slight enrichment in order to achieve the same exit burnup, and slightly more to achieve the same bundle energy. However, the temperature reduction is significant for just 10% of the fuel volume being SiC, as the centre-line temperature is reduced by about 30% for fresh fuel, or about 20% for irradiated fuel. In terms of physics parameters, there is a small but significant reduction in CVR, with only a slight effect on FTC. Uranium nitride has the potential downside of natural nitrogen being a strong neutron absorber, requiring significant uranium enrichment to compensate and reducing the uranium economy of the fuel cycle. To avoid this, nitrogen enriched in 15 N can be used, as 15 N is relatively transparent to neutrons. When this is done, the exit burnup is greater than that of UO 2 fuel, which, along with a higher uranium density, allows refueling rates to be reduced significantly. The fuel also has a more negative FTC at midburnup, which is favourable. However, the CVR is somewhat greater for UN fuel than it is for UO 2 fuel. Adding U 3 Si 2 to UN reduces the exit burnup only slightly. Adding ZrN to make a (U, Zr)N solution reduces the exit burnup significantly, although, even with 10% ZrN by volume, the exit burnup is still better than for UO 2 . Adding ZrN can improve compatibility with CANDU to some extent as it changes the exit burnup, bundle weight, and CVR to be closer to the values of the standard UO 2 bundles, while retaining a low fuel temperature and more favourable FTC.
Uranium-molybdenum fuel also requires enrichment (0.93% for the same exit burnup) as molybdenum also contributes to parasitic absorption, though not as severely as nitrogen. However, as the uranium density is significantly greater than it is for UO 2 , the fuel lasts longer in the core for this same exit burnup. Also, the fuel temperature coefficient remains significantly negative even with irradiation. However, U-9Mo fuel has several disadvantages. A greater coolant void reactivity results in a larger power pulse in a LOCA event. More importantly, though, the melting point is low enough that the fuel can melt in a number of accident scenarios for which UO 2 fuel or other ATF candidates would easily survive.
Fully ceramic microencapsulated fuel, in terms of uranium density, is the opposite of UN and U-9Mo fuel, as the uranium density is lower for bare UO 2 or UN kernels in a SiC matrix compared to solid UO 2 and is even lower for true FCM fuel where TRISO particles are embedded in a SiC matrix. Therefore, even though the SiC matrix contributes to very little parasitic absorption, significant enrichment is required to achieve the same energy per bundle as a UO 2 bundle. The CVR is significantly less for FCM fuel compared to UO 2 fuel, with a lower uranium density corresponding to a lower CVR. However, the FTC for FCM fuel is generally slightly less negative at midburnup compared to the corresponding solid fuel and is even slightly positive for some cases with UO 2 kernels. The effect on FCM is a combination of a positive contribution from the material change and a negative contribution from the reduced fuel temperature.
Changing the cladding also has a small effect on reactor physics. Silicon carbide has a beneficial effect as it is more transparent to neutrons than zircaloy; thus the fuel enrichment can be reduced by about 0.01%. On the other hand, FeCrAl coating requires roughly a 0.07% increase in enrichment for the case it was tested on, despite the fact that only 20% of the cladding thickness was replaced. Small but significant reductions in CVR were noted, while changes in FTC were insignificant.
Given the above, in the transient scenario modelled no substantial advantage can be identified for any of the ATF candidates over UO 2 . The progression of a severe accident in a CANDU reactor is largely governed by several large heat sinks, including the moderator and shield tank water. These heat sinks, along with structural materials such as pressure tubes, are independent of any changes to the fuel materials, and they have a large heat capacity compared to the fuel itself. Since decay heat is governed by the reactor's operating power history and energy deposition in a transient and not by the fuel composition, the accident is expected to progress at a similar rate regardless of the fuel composition. The primary exception is for U-9Mo fuel, which is actually inferior to UO 2 fuel due to premature melting in a number of scenarios.
Despite this, there are a few places where, qualitatively, ATF can be expected to have an advantage over UO 2 . The first advantage is in terms of fission product retention within fuel pellets. Lowering the fuel temperature is expected to reduce the diffusion rate of certain fission products into the fuel-clad gap. In the case of fuel damage where the cladding fails, only these fission products escape, while those trapped within the fuel pellets are retained. In addition, FCM-type fuels provide additional barriers to fission product release. However, in all cases, including for UO 2 , the radiation release due to cladding failure is not expected to be substantial.
The second advantage applies to ATF cladding, for which a reduction in hydrogen generation is expected under certain accident conditions compared to zircaloy, reducing the risk of further failures leading to a hydrogen explosion. SiC cladding can potentially withstand high temperatures without significant oxidation. By contrast, however, FeCrAl has a lower melting point than zircaloy and would actually melt under the stylized accident scenario that was modelled, though zircaloy oxidation would still be delayed compared to not having the coating.
The primary disadvantage for ATF over the current standard UO 2 fuel is the need for enrichment. Even for a UO 2 -SiC composite bundle with 10% SiC, while it can be used without enrichment, the energy that can be extracted from one fuel bundle is reduced by about 25%, which has economic implications. U-9Mo and FCM result in a subcritical or barely critical core. Applying a FeCrAl surface layer to the cladding also substantially reduces exit burnup unless the fuel is enriched. Even the very slight enrichment predicted for UO 2 -SiC composite bundles would require the establishment of new infrastructure, substantially raising costs even if relatively little enrichment is required. This is in contrast to ATF considerations for LWRs, where an increase in enrichment from, for example, 4.8% to 5.0%, would not require significant infrastructure changes. Economically, considering ATF for CANDU reactors is more reasonable in the case where the fuel input is not natural uranium, such as if a CANDU is being fueled by recycled uranium (from used LWR fuel), MOX, thorium, or any combination of those with each other or with natural or depleted uranium. In this case, the slight enrichments required for ATF can be accommodated more easily. However, the reactor physics and heat transfer properties would have to be reevaluated for the fuel change.
There are two primary exceptions. The first exception is for the UN-based fuel materials, when enriched in 15 N. These fuels have a significant neutron economy advantage over UO 2 , which permits an improved exit burnup even with natural uranium. The second exception is for SiC cladding, which has a better neutron economy than zircaloy. However, since this study did not consider the mechanical properties of the selected materials, this result assumes that the bundle and pin geometries do not change. If it is found that the SiC cladding must be made thicker to permit manufacturing or to compensate for its mechanical properties, then the neutron economy advantage will be lost due to a reduction in fuel volume.
More generally, changes to the fuel geometry were not considered in this study. One possibility that could affect the fuel properties would be changing to 43-element CANFLEX fuel or to some other geometry with different pin sizes. ATF materials improve the safety margin over UO 2 for centreline temperature, potentially permitting the use of bundles with fewer, larger pins to increase the fuel volume. However, such a change would reduce the fuel surface area and thus reduce the margin to critical heat flux (CHF) and so cannot be done if CHF is the limiting factor. Alternatively, if centreline temperature is the limiting factor, the maximum bundle power and possibly the reactor power can be uprated. Since CHF for high-density fuel is a potential issue, that fuel could potentially benefit from geometry with smaller pins for the outer ring, such as the CANFLEX bundle or possibly a fuelspecific bundle with even greater differences in pin diameters. Another possibility would be to use graded enrichments, with the fuel in the outer ring having a lesser enrichment than the rest of the fuel.
Conclusions
The primary findings of this study are as follows:
(i) UO 2 with SiC cladding, along with UN fuel enriched in 15 N, permits the use of natural uranium. All other ATF concepts that were evaluated lead to requiring enrichment of uranium. If the uranium is not enriched, either a significant burnup penalty is taken or the core is subcritical. Since most current CANDUs run on natural uranium, particularly in Canada, ATF concepts requiring enrichment would require the establishment of enrichment infrastructure or import of slightly enriched uranium from other countries. If UN fuel is adopted, nitrogen enrichment facilities would be required instead.
(ii) In a number of severe accident scenarios that were considered, changing the fuel to ATF would not extend the time between the onset of the accident and the onset of fuel melting. The propagation of the accident generally allows the moderator, and possibly the shield tank water, to act as a heat sink for the fuel's decay heat to prevent melting. The size of these heat sinks and the amount of decay heat are independent of the fuel material, and as these heat sinks are large relative to the heat capacity of the fuel, changing the fuel has relatively little effect on when melting will occur. The key exception is U-9Mo, which has a melting point of roughly 1400 K and so heat transfer to the moderator is not sufficient to prevent melting, making this material accident-intolerant relative to UO 2 under this scenario. (iii) All ATF fuel pellet materials reduce the fuel temperature compared to UO 2 and can potentially reduce the diffusion rate of fission products into the fuelclad gap. This can reduce the magnitude of radiation release in the case of cladding failure. However, this effect was not quantified in this study, and the significance of this advantage depends on whether the predicted releases from UO 2 fuel under cladding failure (no fuel melting) can be accepted.
(iv) In an accident scenario, it is predicted that cladding temperatures are hot enough to result in extensive oxidation. Therefore, oxidation-resistant cladding can delay or prevent the oxidation of cladding and production of hydrogen gas. Again, evaluation of this effect was beyond the scope of the models used in this study, but the results of this study show that it would be useful for future studies to evaluate the extent of cladding oxidation and hydrogen generation, and the comparative risk of a hydrogen explosion for each case.
Further studies are needed to evaluate the full-core behaviour of the fuel, possible changes to fuel geometry, and the mechanical behaviour of the fuel and cladding materials in normal and accident conditions. In addition, a more detailed economic analysis should be carried out to determine whether it is viable to switch to accident-tolerant fuel, weighing increased costs due to enrichment and fuel manufacturing against the reduced level of risk and also weighing the costs against the costs of other modifications that can be made to the station to reduce the risk of severe accident consequences.
While some cases, such as U-9Mo, can be immediately ruled out from consideration, additional cases not analyzed in this study could be considered. This can include fuel with other "dopant" materials mixed in to improve thermal conductivity. It can also go beyond simple material changes, such as changing the bundle geometry (e.g., to CANFLEX) or using different compositions for different rings, which can improve bundle power distribution but increase the complexity of the bundle for manufacture.
In most cases, an economic disadvantage is probable as either uranium enrichment is needed or the fuel otherwise becomes more expensive to manufacture (which can be expected for silicon carbide cladding). Uranium nitride enriched in 15 N may provide an economic advantage by increasing the exit burnup and reducing fueling machine loading, but economic savings would depend on the cost of nitrogen enrichment and fuel manufacture. A cost analysis would be required to determine whether the benefits of an increased exit burnup would exceed the increase in fuel cost per bundle.
